1. Introduction {#sec0005}
===============

Coronaviruses belong to the family *Coronaviridae* and are the largest enveloped single-stranded RNA viruses, ranging from 26 to 31 kilobases in genome size ([@bib0115]). These viruses infect a wide range of avian and mammalian species, and are responsible for enteric or respiratory infections ([@bib0210]). Human coronaviruses, *viz.* severe acute respiratory syndrome-related coronavirus (SARS-CoV) and Middle-East respiratory syndrome coronavirus (MERS-CoV) emerged in the year 2002 and 2012, respectively ([@bib0230]). Both of these viruses have a zoonotic origin and hence emergence of human infections associated with these viruses has emphasized the need of controlling coronaviruses associated with diseases inanimals in close contact with humans ([@bib0100]).

A cluster of pneumonia cases of unknown origin were reported from the Wuhan, the capital city of Hubei Province of China in late December 2019. The cases were found to be linked with Huanan Seafood Market and the pathogen was thought to have a zoonotic origin ([@bib0005]). The virus that caused the outbreak was identified as a novel, human-infecting coronavirus, which is closely related to bat coronaviruses, pangolin coronaviruses, and SARS-CoV ([@bib0070]; [@bib0145]). Subsequently, the virus spread globally causing a pathological condition which was termed as coronavirus disease 2019 (COVID-19), and the pathogen was named as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The World Health Organization (WHO) declared the outbreak as a Public Health Emergency of International Concern on 30th January 2020 and recognized it as a pandemic in 11th March 2020. Till June 2020, approximately 9.7 million cases of SARS-CoV-2 were reported worldwide with more than 491,960 deaths.

The SARS-CoV-2 genome contains 14 ORFs encoding 27 proteins. The *orf1ab* and *orf1a* genes encode proteins, Pp1ab and Pp1a, respectively. The Pp1ab protein contains 15 nsps (nsp1-nsp10 and nsp12-nsp16). The SARS-CoV-2 genome also contains four structural proteins, namely, spike (S), envelope (E), membrane (M) and nucleocapsid (N) proteins ([@bib0225]). The S protein is the key protein that regulates the attachment of the virus receptor to the host target cell ([@bib0040]), E protein acts as an ion channel and facilitates virion assembly ([@bib0170]), M and E proteins play a role in virus assembly and are involved in biosynthesis of new virus particles ([@bib0140]), while N protein forms the nucleoprotein complex with the virus RNA ([@bib0160]). The 9th ORF of SARS-CoV-2 codes for N protein and another unique accessory protein called ORF9b in a different reading frame, whose function is not yet known. The N-protein is a 46 kDa protein composed of 422 amino acids ([@bib0165]). It is a multifunctional protein with distinct functions such as enhancing transcription of the viral genome, association with M protein during virion assembly, and disruption of the various activities of the host cell by inducing toxicity ([@bib0125]). It is also the most conserved and stable protein among the CoV structural proteins; whereas, the S protein undergoes substantial changes during virus infection. The S glycoprotein harbours a furin cleavage site at the boundary between the S~1~/S~2~ subunits, which is processed during biogenesis. Cleavage of S protein activates the protein for membrane fusion *via* extensive irreversible conformational changes andthus initiates the binding of SARS-CoV-2 with ACE2 receptor and entry to the host system ([@bib0200]).

Codon usage bias is an important measure of genome evolution. Factors that could influence the bias in codon usage include mutational pressure including natural selection, G + C content, secondary protein structure and selective transcription replication ([@bib0030]). Codon usage is a driving force in the evolution of viruses ([@bib0175]). The codon usage bias frequency of RNA viruses is low, such as in the Zaire ebolavirus ([@bib0050]), and the N gene of Rabies virus ([@bib0080]) and Equine influenza virus ([@bib0105]). However, the overall codon usage bias in case of Hepatitis A virus (HAV) is high ([@bib0235]). Investigation of viral gene structure and its composition at the codon or nucleotide level is essential to understand the mechanism of virus-host relationship and evolution of the virus ([@bib0195]). Viruses that infect humans, but not those that infect other mammals or aves, show a strong resemblance to most mammalian and avian hosts, in terms of both amino acid and codon preferences. In groups of viruses that infect humans or other mammals, the highest observed level of adaptation of viral proteins to host codon usages is for those proteins that appear abundantly in the virion. In contrast, proteins that are known to participate in host-specific recognition do not necessarily adapt to their respective hosts ([@bib0010]).

The redundancy of the genetic code provides evolution with the opportunity to adjust the efficiency and accuracy of protein production preserving the same amino acid sequence ([@bib0185]). Similarity in codon usage pattern among viruses and their hosts may influence viral fitness, evasion from host's immune system and evolution ([@bib0045]). Synonymous triplet codons are generally not used randomly and the main forces that drive this bias from equal usage are natural selection and mutational biases ([@bib0130]). Therefore, the study of codon usage in viruses can reveal important information about virus evolution, regulation of gene expression and protein synthesis ([@bib0030]). In addition, codon composition may also influence robustness of translation and, in turn, robustness of folding, which is critical to the capsid stability of hepatitis A viruses ([@bib0055]).

The aim of this study was to carry out a comprehensive analysis of codon usage and composition of the severe acute respiratory syndrome corona virus 2 (SARS-CoV-2) genome and to ascertain the possible evolutionary determinants of the biases found.

2. Materials and methods {#sec0010}
========================

2.1. Sequence data {#sec0015}
------------------

Complete genome sequences of SARS-CoV-2 were obtained from the Virus Resource at the National Centre for Biotechnological Information (<https://www.ncbi.nlm.nih.gov/labs/virus>). The data set comprised of 12 complete coding genome sequences reported from different countries, *viz.* accession nos. LC529905.1, MT007544.1, MT012098.1, MT066156.1, MT072688.1, MT093571.1, MT126808.1, MT192759.1, MT192765.1, MT192772.1, MT233519 and NC045512.2. The Open reading frames (ORFs) for each genome were concatenated in the following order: ORF1ab + Spike + Envelop + Membrane + Nucleocapsid.

2.2. Analysis of overall nucleotide composition {#sec0020}
-----------------------------------------------

The nucleotide composition of SARS-CoV-2 was analysed at the third nucleotide position of the codons (A3 %, G3 %, C3 % and U3 %) and the overall composition of nucleotides AU%, AU3 %, GC%, GC12 and GC3 were determined.

2.3. Calculation of relative synonymous codon usage (RSCU) {#sec0025}
----------------------------------------------------------

The RSCU value of a codon is the ratio of its observed frequency to its expected frequency given that all codons for a particular amino acid are used equally ([@bib0020]). The RSCU values were calculated using the method described by [@bib0105] using the following equation:$$RSCU = \,\frac{\text{g}\text{ij}}{\sum\limits_{\text{j}}^{\text{n}\text{i}}{\text{g}\text{ij}}}ni$$Where g~ij~ is the observed number of the i^th^ codon for the j^th^ amino acid, which has *ni* kinds of synonymous codons. Codons with RSCU value \<1.0, 1.0 and\>1.0 represent negative codon usage bias, no bias and positive codon usage bias, respectively.

2.4. Relative dinucleotide abundance analysis {#sec0030}
---------------------------------------------

The dinucleotide frequencies of SARS-CoV-2, which is another way of establishing the relation with codon usage bias, were calculated as described by [@bib0105]. The expected dinucleotide values were calculated assuming random association of bases from the observed frequencies of each base for every sequence. The ratio of the observed and the expected dinucleotide frequencies is known as odds ratio. It was used for designation of over-representation (\>1.23) or under-representation (\<0.78) in terms of relative abundance compared with a random association of mononucleotides.

2.5. Analysis of similarity index {#sec0035}
---------------------------------

The similarity index analysis was performed to know the result of codon usage by the host and their role in shaping the overall codon usage of the virus. Analysis of codon usage by coding sequences of SARS-COV-2 and its respective hosts (human and dog) was performed using the method of [@bib0245]. The similarity index was calculated using the following formula:$$\begin{matrix}
{R\left( {A,B} \right) = \frac{\sum_{i = 1}^{59}{1^{a_{i}} \times b_{i}}}{\sqrt{\sum_{i = 1}^{59}a_{i}^{2}} \times \sum_{i = 1}^{59}b_{i}^{2}}} \\
{D\left( {A,B} \right) = \frac{1 - R\left( {A,B} \right)}{2}} \\
\end{matrix}$$Where 'a~i~' represents RSCU value of a speciﬁc codon for the coding sequence of SARS-COV-2 and 'b~i~' indicates RSCU value of host alike codons. The D (A, B) represents overall codon usage of the host on the virus which typically ranges between 0.0 and 1.0. Higher similarity index value indicates substantial influence of the host on codon usage of SARS-COV-2.

2.6. Effective number of codons (ENc) and ENc-plot {#sec0040}
--------------------------------------------------

[@bib0215] gave the concept of the eﬀ ;ective number of codons (ENc) to recognize the bias in the identical codon usage. The values of ENc range from 20 to 61 and an ENc value of 20 indicates an extreme codon usage bias of a gene, and this means a specific amino acid is denoted by only one codon, despite the availability of synonymous codons. On the contrary, ENc value of 61 indicates no bias in codon usage which means a uniform use of all the synonymous codons. Generally, for a genome or a gene, an ENc value below 35 is known to have a strongly biased codon usage.

An ENc-plot was employed to determine whether the codon usage of SARS-COV-2 (concatenated ORFs) is mainly because of the burden of mutational or selection pressure. The expected ENc plot was generated by plotting the ENc values on *x-axis* and the GC3 values in *y-axis* (frequency of either a guanine or cytosine at the third codon position of the synonymous codons) ([@bib0215]). If the predicted ENc value lies on the expected curve, it indicates that codon usage is constrained only by mutation bias, while ENc values below the expected curve indicate that other factors such as selection pressure have affected the codon usage bias.

2.7. Analysis of neutrality and parity plot {#sec0045}
-------------------------------------------

A neutrality plot analysis was done to understand the effect of mutational bias and translation selection on codon usage. Neutrality plot was constructed with GC12 on *y-axis* and GC3 on *x-axis*, where GC12 stands for the average value of GC contents at the first and the second positions of the codons and GC3 refers to the GC contents at the third position of the codon. A regression line was drawn between contents of GC12 and GC3. The slope of regression line represents the impact of mutational force ([@bib0135]). The AT bias \[A3/(A3 + T3)\] as the ordinate and the GC bias \[G3/(G3 + C3)\] as the abscissa were used to determine a parity rule 2 (PR2) bias ([@bib0220]).

2.8. Calculation of average Hydropathicity (GRAVY) and Aromaticity (AROMO) {#sec0050}
--------------------------------------------------------------------------

The GRAVY value is the total of all amino acids' hydropathy values in a series separated by the number of residues ranging from −2.0 to +2.0 ([@bib0110]). Hydrophobicity of a protein is characterized by positive values, whereas negative values are indicative of hydrophilicity. The frequency of the aromatic amino acids, *i.e*. Phenylalanine, Tyrosine and Tryptophan is known as AROMO value in a given amino acid sequence.

2.9. Analysis of codon adaptation index (CAI) {#sec0055}
---------------------------------------------

Codon adaptation index (CAI) analysis is a quantitative value indicating the frequency of a preferred codon utilized by highly expressed genes. This shows the efficiency of translation and is often used to construct nucleotide sequences to get the highest level of protein expression for the purpose of vaccine production ([@bib0065]). The value of CAI varies from 0.0 to 1.0; a higher value suggests a greater propensity for gene expression. Alternatively, values close to 1 are shown by the codons with higher RSCU values. In the present study, CAI values were calculated for SARS-COV-2 using an RSCU reference set for human, bat, dog, cat, pig, horse and cattle. The synonymous codon usage data of human, dog, cat, pig, horse and cattle were retrieved from the codon usage database (<http://www.kazusa.or.jp/codon/>), whereas for bat, the sequence of *Pteropus vampyrus* (NW_011888782) was retrieved from NCBI (<https://www.ncbi.nlm.nih.gov>) and by using online program 'Countcodon' (available at: <http://www.kazusa.or.jp/codon/countcodon.html>) the reference codon usage table for bat was prepared.

### 2.9.1. Relative codon deoptimization index (RCDI) {#sec0060}

The Relative Codon Deoptimization Index (RCDI) is used to compare the codon usages of the genes and reference genomes. The viral gene translation rate to a host system is calculated using RCDI value. RCDI value close to one indicates similar codon usages by the host and the pathogen, and a greater adaptation to the host can be predicted ([@bib0035]). In the present study, RCDI values of SARS-COV-2 were calculated for human, bat, dog, cat, pig, horse and cattle.

2.10. Different tools and software used {#sec0065}
---------------------------------------

The values for the RSCU and AROMO were estimated using CODONW 1.4 program. Calculation of GRAVY values were done by using the online tool available at <http://www.gravy-calculator.de/>. CAI and RCDI values were measured using the online tool available at <http://genomes.urv.es/CAIcal/> ([@bib0150]). Another web-based tool was used to obtain the tRNA database (GtRNAdb: Genomic tRNA database).

3. Results {#sec0070}
==========

3.1. Nucleotide composition of SARS-CoV-2 genome {#sec0075}
------------------------------------------------

The SARS-CoV-2 was found to have comparative abundance of A and U nucleotides in comparison to G and C nucleotides. The nucleotide compositions of SARS-CoV-2 genes were calculated in order to determine the compositional constrains of its genome (Supplementary Table S1). Out of the four nucleotides, the mean percentage of U (32.02 %) was found to be the highest, followed by A (29.94 %) and G (19.78 %), while C (18.25 %) showed the lowest mean value. In the third position of the synonymous codons, U3 (43.87 %) was the highest in frequency, followed by A3 (28.13 %) and C3 (15.36 %), while G3 (12.63 %) was found to be the lowest. The mean AU and GC compositions were 61.96 % and 38.03 %, and the mean AU3 and GC3 compositions were 72 % and 27.99 %, respectively (Supplementary Table S1).

3.2. Relative synonymous codon usage (RSCU) analysis {#sec0080}
----------------------------------------------------

RSCU values were analysed to determine the patterns of synonymous codon usage. The average RSCU values were evaluated for all the important five genes of SARS-CoV-2. Twenty four most abundantly used codons in SARS-CoV-2 genes (AGA, GCU, GUU, UUA, GGU, CCU, AGU, AUU, CUU, UCU, ACU, UUU, UGU, CCA, ACA, UCA, CAA, AAA, GAU, GAA, UAU, CGU, CAU and AAU) were A/U-ended (A-ended: 8; U-ended: 16). It was evident from the RSCU analysis that SARS-CoV-2 genomes exhibited higher codon usage bias towards codons ending with A/U compared to that with G/C.

Furthermore, RSCU values were divided into three categories: (A) codons with RSCU values ≤ 0.6 (under-represented), (B) codons with RSCU values between 0.6 and 1.6 (unbiased- represented), and (C) codons with RSCU values ≥ 1.6 (over-represented). Analysis of over-and under- represented codons showed that RCSU values of SARS CoV-2 ranged from 0.6 and 1.6. It was quite interesting to note that over-represented codons were A/U ended and mostly under-represented codons were C/G-ended ([Table 1](#tbl0005){ref-type="table"} ).Table 1Relative synonymous codon usage (RSCU) analysis of SARS-CoV-2 and different hosts including human, dog, pig, cattle, pig, cat, horse and Bat. Bold numbers are referred as most preferred codon.Table 1Amino acidsCodonSARS CoV-2HumanDogCatPigHorseCattleBatPhenylalanineUUU1.420.931.090.770.750.830.850.49UUC0.581.070.911.131.251.171.151.01LeucineUUA1.660.461.320.350.310.330.380.44UUG1.060.770.510.760.630.720.710.8CUU1.750.791.220.670.690.730.70.85CUC0.571.171.011.291.321.321.261.22CUA0.680.431.420.360.340.340.360.44CUG0.282.370.512.572.722.562.590.37IsoleucineAUU1.541.081.050.950.970.920.981.19AUC0.541.410.941.581.661.661.571.3AUA0.920.511.010.470.370.420.450.49ValineGUU1.930.731.120.620.500.60.640.72GUC0.580.950.571.131.221.081.010.97GUA0.890.471.670.380.260.350.40.51GUG0.591.850.641.872.011.971.951.79SerineUCU21.131.351.120.861.091.041.03UCC0.441.311.041.481.101.431.371.22UCA1.630.91.270.741.360.80.790.89UCG0.110.330.390.380.420.340.390.29AGU1.460.90.910.80.990.860.870.98AGC0.361.441.051.471.271.481.531.56ProlineCCU1.921.151.411.030.951.191.081.21CCC0.311.291.241.510.611.381.391.21CCA1.641.110.920.970.790.9711.23CCG0.140.450.430.51.650.450.530.35ThreonineACU1.770.991.350.841.000.940.890.97ACC0.391.421.061.590.491.581.551.42ACA1.651.141.160.941.020.961.011.23ACG0.190.460.430.631.490.520.560.37AlanineGCU2.191.061.070.961.151.0511.12GCC0.571.61.271.790.441.721.711.57GCA1.090.911.180.760.410.770.80.94GCG0.150.420.480.50.700.450.480.35TyrosineUAU1.230.891.150.780.750.750.790.87UAC0.771.110.851.221.251.251.211.12HistidineCAU1.430.841.20.740.440.810.750.81CAC0.571.160.81.261.561.191.251.18GlutamineCAA1.40.531.250.560.780.520.460.49CAG0.61.470.751.441.221.481.541.5AsparagineAAU1.360.941.180.820.770.840.810.92AAC0.641.060.821.181.231.161.191.07LysineAAA1.290.871.370.860.740.790.780.84AAG0.711.130.631.141.261.211.221.15Aspartic acidGAU1.290.931.130.840.830.830.840.98GAC0.711.070.871.161.171.171.161.01Glutamic acidGAA1.450.841.170.860.770.760.781.88GAG0.551.160.831.141.231.241.221.05CysteineUGU1.590.910.890.871.400.890.850.92UGC0.411.091.111.130.601.111.151.07ArginineCGU1.440.481.170.410.400.550.490.49CGC0.61.10.921.090.891.151.170.94CGA0.310.650.710.550.790.610.680.74CGG0.21.210.481.191.941.081.321.18AGA2.641.291.291.331.081.31.141.26AGG0.821.271.421.410.901.321.21.36GlycineGGU2.360.651.020.580.580.650.640.71GGC0.71.351.051.421.171.431.431.36GGA0.8111.271.011.280.950.950.96GGG0.1210.660.990.970.970.990.95

Analysis of RSCU values of SARS-CoV-2 and its different hosts uncovered the codon preferences of SARS-CoV-2, human, dog, cat, pig, horse and cattle ([Table 1](#tbl0005){ref-type="table"}). The average RSCU of SARS-CoV-2 was compared to that of its normal (human) and accidental (dog) hosts along with other animal species which revealed that the codon preference of SARS-CoV-2 and its hosts (natural, accidental and other) are not similar ([Fig. 1](#fig0005){ref-type="fig"} ). Specific preferences in SARS-CoV-2 and its host codon usage suggested that the virus does not compete with the host tRNA array.Fig. 1Comparative analysis of Relative Synonymous Codon Usage (RSCU) patterns of SARS CoV2 with other hosts.Fig. 1

3.3. Significant influence of dinucleotide frequencies in determining the codon usage Bias {#sec0085}
------------------------------------------------------------------------------------------

The composition of UpU (8.00 %) and ApA (7.48 %) were obtained as the most abundant dinucleotide in the SARS-CoV-2 genome with odd ratio of 1.04 and 1.07 respectively, while CpC (4.56) and CpG (4.75 %) were the least abundant dinucleotide with the lowest odds ratio (0.38) exhibited by CpG (Supplementary Table S2).

RSCU values of eight codons containing CpG (CCG, UCG, GCG, ACG, CGG, CGC, CGU, and CGA) and six codons containing UpA (UUA, CUA, AUA, GUA, UAU, and UAC) were analysed to determine the possible effects of CpG and UpA representations on codon usage bias. All CpG-containing codons were not over-represented (RSCU ≤ 1.6) and were not preferred for their respective amino acids, while among the UpA containing codons, only UUA (Leucine) was over-represented in case of SARS-CoV-2.The relative abundance of UpG (1.4) and CpA (1.28) dinucleotides also indicated a severe deviation from the normal and these dinucleotides were over-represented compared to others ([Fig. 2](#fig0010){ref-type="fig"} ). All the UpG -containing codons were under-represented (RSCU ≤ 1.6) and were not preferred for their respective amino acids. Among the CpA containing codons, ACA (T) and CCA (P) were over-represented (RSCU ≥ 1.6).Fig. 2Relative dinucleotide frequencies in SARS-CoV-2.Fig. 2

3.4. Influence of mutational bias or natural selection pressure on SARS-CoV-2 codon usage patterns {#sec0090}
--------------------------------------------------------------------------------------------------

### 3.4.1. ENc-plot analysis {#sec0095}

The mutational pressure or selection pressure on a gene or genome due to codon usage is determined by ENc-GC3s plot analysis. The analysis of ENc-plot revealed that all the points of SARS-COV-2 virus lie below the expected curve, indicating the influence of natural selection as the major force in codon usage bias in SARS-COV-2 virus sequences ([Fig. 3](#fig0015){ref-type="fig"} ). However, the overall reduction in the percentage of estimated ENc value of all the considered genes of SARS-COV-2 compared to the theoretical value was found to be 8.52 %.Fig. 3ENc--GC3 plot of concatenated CDSs of SARS-CoV-2. The ENc curve is indicating the expected codon usage, if GC compositional constraints only account for the codon usage bias.Fig. 3

### 3.4.2. Neutrality plot {#sec0100}

A neutrality plot analysis was done to decipher the degree of influence of natural selection and mutation pressure in shaping the codon usage bias in SARS-COV-2 virus sequences. In case of SARS-COV-2, a weak positive correlation was observed between GC12 and GC3 (r = 0.3). However, the slope of the regression line in respect of SARS-COV-2 was 0.1488 indicating that the relative influence of mutation pressure was 14.88 % and contribution of natural selection was 85.12 % ([Fig. 4](#fig0020){ref-type="fig"} ).Fig. 4Neutrality plot: The neutrality plot predicts the influences of mutation bias and translation selection on codon usage. GC12 stands for the average value of GC content at first and second position of codon. GC3 stands for GC content at third position of codon. The slope value indicates the mutational pressure. Blue dots represent concatenated ORFs of SARS-CoV-2.Fig. 4

### 3.4.3. Parity analysis {#sec0105}

For parity analysis, we plottedA3/(A3 + T3) and G3/(G3 + C3) as ordinate and abscissa, respectively ([Fig. 5](#fig0025){ref-type="fig"} ). The means of AT bias \[A3/(A3 + T3)\] and GC bias \[G3/(G3 + C3)\] were found to be 0.39 and 0.451, respectively. A bias value greater than 0.5 suggests a preference for pyrimidine over purine ([@bib0240]). Thus in SARS-CoV-2, T is preferred over A and C is preferred over G.Fig. 5Parity plot showing the presence of AT bias \[A3 %/(A3 % + T3 %)\] and GC bias \[G3 %/(G3 % + C3 %)\].Fig. 5

### 3.4.4. tRNA iso-acceptor {#sec0110}

Frequency of tRNA genes in human cells; for a single codon, a variable number of isoacceptor tRNAs are present, which varies across the organisms. Translation selection determines whether most codons preferred by SARS-CoV-2 are recognized by the most abundant isoacceptor tRNAs ([@bib0095]). Out of 18 amino acids (which are encoded by two or more amino acid codons) except for Leucine, Isoleucine, Valine and Proline, non-optimal codon-anticodon base pairs were used ([Table 2](#tbl0010){ref-type="table"} ).Table 2Frequency of tRNA genes in human cells for most preferentially used codons in SARS-CoV-2.Table 2Amino acidsMost preferred codons in SARS CoV-2tRNA isotypes in human cellsTotal countAla(A)GCU(A)AGC(22)GGCCGC(4)UGC(8)34Gly(G)GGU(G)ACCGCC(14)CCC(5)UCC(9)28Pro(P)CCU(P)AGG(9)GGGCGG(4)UGG(7)20Thr(T)ACU(T)AGU(9)GGUCGU(5)UGU(6)20Val(V)GUU(V)AAC(9)GACCAC(11)UAC(5)25Ser(S)UCU(S)AGA(9)GGACGA(4)UGA(4)ACUGCU(8)25Arg(R)AGA(R)ACG(7)GCGCCG(4)UCG(6)CCU(5)UCU(6)28Leu(L)CUU(L)CAA(9)GAGCAG(9)UAG(3)CAA(6)UAA(4)31Phe(F)UUU(F)AAAGAA(10)10Asn(N)AAU(N)AUUGUU(20)20Lys(K)AAA(K)CUU(15)UUU(12)27Asp(D)GAU(D)AUCGUC(13)13Glu(E)GAA(E)CUC(8)UUC(7)15His(H)CAU(H)AUGGUG(10)10Gln(Q)CAA(Q)CUG(13)UUG(6)19Ilu(I)AUU(I)AAU(14)GAU(3)CAUUAU(5)22Tyr(Y)UAU(Y)AUAGUA(13)13Cys(C)UGU(C)ACAGCA(29)29Trp(W)UGGCCA(7)7Met(M)AUGCAU(9/10)19

3.5. Adaptation of SARS-CoV-2 (CAI and RCDI) {#sec0115}
--------------------------------------------

The average codon adaptation index (CAI) values for all the five genes was found to be highest in bat (0.817) and human (0.698) followed by dog, cattle, horse, cat and pig, respectively ([Fig. 6](#fig0030){ref-type="fig"} ). The cumulative effect of codon biases on gene expression was determined by relative codon deoptimization index (RCDI) values. The average RCDI values of all genes indicated that SARS-COV-2 was more adapted to bat (1.518) and human (1.61) as compared to dog or other animals ([Fig. 7](#fig0035){ref-type="fig"} ). Higher adaptation increases the infectivity and *vice versa* (Supplementary table S3).Fig. 6Codon Adaptation Index (CAI) for five coding sequences of SARS-CoV-2 with reference to different hosts. CAI values range between 0.0 and 1.0; with higher values indicating a higher gene expression potential.Fig. 6Fig. 7Relative Codon Deoptimization Index (RCDI) for five coding sequences of SARS-CoV-2 with reference to different hosts. RCDI values provide an estimate of the rate of viral gene translation in a host genome.Fig. 7

Correlation among various parameters such as ENc, GC3, CAI, Laa, AROMO and GRAVY was also studied ([Table 3](#tbl0015){ref-type="table"} ). A positive correlation of GC3 was observed with CAI, GRAVY and AROMO, while a negative correlation was observed with Laa and ENc. The correlation analysis among CAI, GRAVY and AROMO was done to determine the effect of GRAVY and AROMO (indicators of natural selection) on expressivity of gene (indicated by CAI). However, no correlation was observed.Table 3Correlation analysis between GC3 %, ENc, CAI, L_aa, GRAVY and AROMO.Table 3GC3 %ENcCAIL_aaGravyNc0.445CAI0.34−0.192L_aa−0.2380.4350.089Gravy0.2190.1780.257−0.237Aromo0.033−0.183−0.050.088−0.208

3.6. Similarity index {#sec0120}
---------------------

A similarity (SiD) analysis was performed to ascertain the function of different hosts in framing the codon usage pattern of SARS-CoV-2.The investigation of similarity indices revealed that human has more (0.117) impact than dog (0.05) on SARS-CoV-2 codon usage bias.

4. Discussion {#sec0125}
=============

In the present investigation, we studied codon bias and codon usage of SARS-COV-2 by characterizing them with different parameters. The SARS-COV-2 genomes were found have relative abundance of A and U nucleotides and a preference of A/U ending codons over G/C ending codons. Similar results were reported in a previous study on SARS-COV-2 ([@bib0060]; [@bib0190]). It was reported that the N gene of Coronavirus has higher AT% than GC% with an effective number of codons ranging from 40.43 to 53.85 indicating a slight codon bias ([@bib0180]). The codon usage in RNA viruses is affected by the relative abundance of dinucleotide ([@bib0015]). CpG depletion is considered to be a selective force that influences the frequency of codons that contain CpG. Low relative abundance of CpG may be attributed to unmethylated CpG-containing sequences, which are recognized as pathogenic signatures and methylation of cytosine residues by innate hosts' defence systems ([@bib0120]). It was found that the RSCU value of six codons containing CpG (CCG, GCG, CGG, UCG, ACG and CGA) were under-represented (RSCU \< 0.6). This indicates that the selection pressure influences significantly on the codon usage in SARS-COV-2. Our observations were in agreement with those of previous studies on equine influenza virus ([@bib0105]) and Nipah virus ([@bib0095]).

It was reported that TpA and UpA containing dinucleotides were also under-represented in the genome of DNA and RNA viruses ([@bib0105]). Higher cytoplasmic RNase susceptibility to UpA helps to maintain mRNA turnover within the cell ([@bib0025]). However, in case of SARS-COV-2, UpA and TpA were not under-represented, which may be due to the nucleotide A rich genome. UpA-COntaining codons (UUA, GUA, AUA, UAU, CUA and UAC) had RSCU values were not below 0.6 with an odds ratio of 0.83, which indicates utilization of unbiased UpA-COntaining codons, except for UUA which was found to be over-represented with RSCU values \>1.6. Among the CpA-COntaining codons (UCA, CCA, ACA, GCA, CAA, CAG, CAU and CAC), three codons (CCA, ACA and UCA) were over-represented (RSCU \> 1.6). Among five codons containing UpG (UUG, CUG, GUG, UGU and UGC), three were found to be under-represented (RSCU \< 1.6) and only two of them were the preferential codons (UUG and UGU) for their respective amino acids. Relative abundance of UpG and CpA in different organisms is a result of the under-represented CpG dinucleotides ([@bib0105]). Our results suggested that dinucleotide compositions play a significant role in determining the codon usage patterns in SARS-COV-2 genome. This also suggests that selection pressure leading to low UpA frequencies is not directly involved in SARS-COV-2 codon usage patterns; rather these patterns are primarily regulated by compositional constraints, since SARS-COV-2 genome is rich in A and U nucleotides. This result is consistent with the earlier findings of Khandia ; et al.; (2019), who reported that codon bias is primarily due to the direct effect of dinucleotide bias.

**Factors affecting codon usage:** The average GC and GC3 contents of SARS-COV-2 genome were 38.03 and 27.99, respectively. In the case of codon usage that is influenced only by the genome's GC3 content, the ENc values lie just above the predicted ENc curve indicating mutational pressure ([@bib0075]). The ENc values were below the predicted ENc curve in the SARS-COV2 genome indicating the dominant role of selection pressure. A neutrality plot analysis was performed to determine the role of selection pressure. The weak positive correlation between GC12 and GC3 and slope of the regression line closing to zero (regression line slope, y = 0.1488x + 38.889, R 2 = 0.3698) observed in the present study indicated that selection pressure was the dominant factor in shaping the codon usage pattern of SARS-COV-2. It was also observed that the concatenated CDS of SARS-COV-2 were away from the slope of the regression line which further suggested that selection pressure was the major force and mutational pressure was the minor force influencing SARS-COV-2 codon usages. No association between ENc and GRAVY or ENc and AROMO was found, suggesting that hydrophobicity or aromaticity does not affect codon usage bias. In addition, no association between CAI, GRAVY and AROMO was observed to suggest an impact of GRAVY and AROMO on gene expression. Negative correlation between Laa and ENc indicated that the number of amino acids does not have any influence on codon usage bias, which might be due to the effect of natural selection in synonymous codon usage pattern ([@bib0205]).

4.1. Hosts effect on SARS-COV-2 codon usage {#sec0130}
-------------------------------------------

Analysis of similarity index showed that the human genome has more effect on SARS-COV-2 codon usage than that of dog. Previously, the similarity index analysis was reported for chikungunya virus and Zika virus ([@bib0030], [@bib0035]). However, higher similarity indices were observed in dog and African green monkey than human host for Nipah virus ([@bib0095]). Evolutionary analysis suggested that SARS-COV-2 has the highest similarity to bat coronovirus and has the most similar codon usage bias with snake ([@bib0090]). Relatively low average values of D (A, B) \[where D (A, B), indicate the potential role of the overall use of codon by the host over that of SARS-COV-2\] suggested that SARS-COV-2 can replicate efficiently in the host without having much effect on the host codon usage. *Rousettus aegyptiacus*, an Egyptian fruit bat was reported to display greater similarity index for Marburg virus as compared to human host ([@bib0135]). Codon usage can be shaped by many different selection forces including certain host factors. It was hypothesized that the codon usage in SARS-CoV-2 maybe directly correlated to the codon usage of its host ([@bib0085]).

4.2. Dog as a host for SARS-COV2 {#sec0135}
--------------------------------

Deoptimization analysis is conducted by contrasting the use of codon in a virus to that of its host. The RCDI values provide an insight into potential virus and host genome co-evolution. Lower RCDI value indicates a virus being more adaptable to its host. Here in our study, human showed lesser mean RCDI value (1.61) than dog (1.753) indicating better adaptation of the virus in human compared to dog. Lower the RCDI value higher is the CAI value. Higher RCDI value may indicate gene expression during latency period or low translation rate maintenance to achieve error-proof translation ([@bib0155]). Higher average CAI values of human compared to dog observed in the present study indicated that dog is less susceptible to COVID 19 than human. However, till now cross-transmission of SARS-CoV-2 between human and dog hasnot been well-understood. The present study was conducted to compare SARS-CoV-2 adaptation in human and dog hosts. The findings of this study may be useful to evaluate and determine the role of other animal species serving as a host to the virus for their potential. It also highlighted the emerging health hazards to human as a result of living in close contact with animals, which may serve as carriers of a pandemic virus like SARS-CoV-2 and a potential source of infection.

5. Conclusion {#sec0140}
=============

SARS-CoV-2 is the recently identified emerging virus causing a serious public health emergency across the globe. There is an urgent need to develop an effective vaccine and to identify possible measures for its control. In this study, we compared humans and dogs as the hosts for SARS-CoV-2 on the basis of codon usage patterns. Based on the CAI and RCDI values, SARS-CoV-2 sequences were found to be highly human-adapted. Knowledge of the pattern of codon usage of a virus is helpful to optimize the expression of its protein. Information on enhanced protein expression would be useful in developing a suitable SARS-CoV-2 vaccine candidate by expressing it in various prokaryotic/eukaryotic systems. Detailed information of codon usage may also be used to evolve effective methods to reduce the synthesis of SARS-CoV-2 protein during pathogen replication. Moreover, it may be useful to obtain analogous information for other viruses.
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